Agroforestry is a common traditional practice in China-especially in the southern 26 Xinjiang of Northwest China. However, the productivity of many agroforestry 27 systems has been lower than expected in recent years, highlighting the need for an 28 actionably deep mechanistic understanding of the competition between crops and 29 trees. Here, we chose 3 different fruit tree/wheat intercropping agroforestry systems to 30 investigate influence of different fruit tree shade intensity on the growth, yield and 31 quality of intercropping wheat: jujube/wheat, apricot /wheat, and walnut /wheat. We 32 found that compared to the monoculture wheat system, the mean daily shade intensity 33 of the jujube-, apricot-, and walnut-based intercropping systems were, respectively, 34 23.2%, 57.5%, and 80.7% shade. The photosynthetic rate of wheat in the jujube-, 35 apricot-, and walnut-based intercropping systems decreased by, respectively, 11.3%, 36 31.9%, and 36.2% compared to monoculture wheat, and the mean number of fertile 37 florets per spike decreased by 26.4%, 37.4%, and 49.5%. Moreover, the apricot-and 38 walnut-based intercropping systems deleteriously affected grain yield (constituent 39 components spike number, grains per spike, and thousand grain weight) and 40 decreased the total N, P, and K content of intercropping wheat. Tree shading intensity 41 strongly enhanced the protein content, wet gluten content, falling number, dough 42 development time, and dough stability time of wheat, but significantly decreased the 43 softening degree. Strong negative linear correlations were observed between tree 44 shade intensity and the number of fertile florets, grain yield (including spike number, 45 grains per spike, and thousand grain weight), nutrient content (N, P and K), and 3 46 softening degree of wheat. In contrast, we found that daily shade intensity was 47 positively linearly correlated with protein content, wet gluten content, falling number, 48 dough development time, and dough stability time. We conclude that jujube-based 49 intercropping systems can be practical in the region, as they do not decrease the yield 50 and quality of intercropping wheat. Further research should focus on the 51 above-ground/below-ground interspecific interactions and the mechanisms behind the 52 observations that we observed amongst the intercropping systems. 53 Quality 56 57 58 Agroforestry is a land-use system in which woody perennials are grown in association 59 with agricultural crops or pastures, in which there are both ecological and economic 60 interactions between trees and the other components [1]. Agroforestry systems are 61 increasingly viewed as having significant potential to provide a range of 62 environmental services, including reductions in nutrient leaching, improvements in 63 soil erosion and water loss [2,3], enhancement of soil nutrient status and nutrient 64 cycling [4], sequestration of carbon [5], increases in soil organic carbon, increases in 65 soil microbial community diversity and abundance [6], and increases in the effects of 66 the activity of beneficial soil organisms [7]. Additionally, agroforestry systems can 67 provide windbreaks, thereby reducing wind speed [8]. Tree-based intercropping 4 68 systems also promote larger earthworm populations compared to monoculture crops 69 [9]. Zizyphus jujuba-Triticum aestivum agroforestry systems are frequently used to 70 improve land-use efficiency and increase economic returns in southern Xinjiang 71 Province [10]. 72 Friday and Fownes [11] reported that competition for light is the main cause of 73 reductions in maize yields in hedgerow/maize intercropping systems in the USA. 74 Kittur et al. [12] reported that low understory photosynthetically active radiation 75 (PAR) was the dominant factor contributing to reductions in the growth of turmeric in 76 denser bamboo stands compared to widely spaced bamboo in India. Similar results 77 were reported in Paulownia systems on the North China Plain and Loess Plateau 78 [13-15]. Jose et al. [16] observed that maize yields were reduced by 35% and 33% 79 when intercropped with black walnut and red oak, respectively, compared to 80 monoculture treatments. Smethurst et al. [2] also found that competition for light was 81
Introduction
In both years, 21 main spikes from each replicate, which flowering with the same 164 day and the same size, were harvested destructively to investigate fertile florets in the 165 flowering period (50% anthesis). The 21 main spikes were from three regions (in the 166 middle region of the tree rows, underneath the tree of east canopy and west canopy).
167
PAR measurement 168 Light penetration was measured at three regions, in the middle region of the tree 169 rows, under the tree of east canopy and west canopy above wheat using a SunScan 170 Canopy Analysis System (Delta-T Devices, Cambridge, UK). The 64 light sensors of 171 the SunScan measured individual levels of PAR, which are transmitted to a PDA and 172 expressed as μmol·m −2 ·s −1 . SunScan readings are taken when the sky is clear to avoid 173 the interference of the clouds at the filling stage of wheat in 2011 and 2012. One 174 measurement was performed every two hours from morning at 09:00 until late 175 afternoon at 19:00.
176
Photosynthetic parameters 177 The net photosynthetic rate (Pn) of the flag leaves was determined with a LI-6400XT Portable Photosynthesis System (LI-COR, Inc., USA), and the readings 179 are taken when the sky is clear to avoid the interference of the clouds at the filling 180 stage of wheat in 2011 and 2012. The measurements were conducted under traditional 181 open system and under controlled conditions with a CO 2 concentration of 380 µmol 182 m -2 s -1 . The PAR was set at 1200 µmol m -2 s -1 , which was provided by a 6400-2B 183 LED light source. The Pn was measured at three regions, in the middle region of the 184 tree rows, under the tree of east canopy and west canopy. One measurement was 185 performed every two hours from morning at 09:00 until late afternoon at 19:00. An 186 average value was calculated from three flag leaves from each replicate. 
187

Grain quality analyses
Results
206
Light interception and photosynthetic rate 207 Diurnal variation of the understory photosynthetically active radiation (PAR) and 208 photosynthetic rate (Pn) in the three intercropping systems and the monoculture wheat 209 system varied with time, and with single peak curves during midday (13:00-15:00) 210 ( Fig 2) . Owing to reflectance, absorbance, and transmittance by the canopies of the 211 three fruit tree types, the PAR of crops in the intercropping systems were lower than 212 that in the monoculture configurations. For example, the mean daily PAR in the 213 jujube-, apricot-, and walnut-based intercropping systems were, respectively, just 214 78.7%, 45.5%, and 20.1% of the monoculture configurations in 2011 and 75.0%, 215 39.5%, and 18.9% of the monoculture configurations in 2012 (Fig 2a, b) . Further, the 216 photosynthetic rates in the jujube-, apricot-, and walnut-based intercropping systems 217 decreased, respectively, by an average 26.2%, 36.9%, and 50.9% compared to 218 monoculture wheat in 2011 and by 26.6%, 37.9%, and 48.2% in 2012. Wheat yield components 230 In 2011 and 2012, spike number (expressed per unit area of the monoculture wheat 231 or the real intercropping wheat strip area-i.e., without the distance from the fruit 232 trees to the nearest wheat row) and grains per spike were significantly higher in the 233 monoculture wheat and jujube-based intercropping wheat systems than in the apricot-234 and walnut-based intercropping systems (Table 1 ). In both years, the thousand grain 235 weight, harvest index (proportion of seed dry weight relative to the total 236 above-ground dry weight), and net yield of wheat in the monoculture wheat system 237 were each significantly higher than in the jujube-, apricot-, and walnut-based 238 intercropping systems (excluding the net yield of wheat in the jujube-based In 2011 and 2012, the total N, P, and K uptake of wheat in the monoculture system 251 and the jujube-based intercropping systems were significantly higher than in the 252 walnut-based intercropping system (Table 2) . For example, the N, P, and K content of 253 wheat in the monoculture system were, respectively, 1.55, 1.63, and 1.50 times higher 254 than in the walnut-based intercropping system in 2011 and 1.56, 1.75 and 1.61 times 255 higher in 2012. Additionally, in both 2011 and 2012, strong negative linear 256 correlations (P < 0.01) were observed between mean daily shade intensity of wheat 257 and N, P, and K content ( Fig 6) . Year Treatment N content (kg/ hm 2 ) P content (kg/ hm 2 ) K content (kg/ hm 2 ) intercropping system were significantly higher than in the monoculture and 268 jujube-based intercropping system. In contrast, the highest values for the softening 269 degree parameter were observed in the monoculture system (Table 3 ). Furthermore, 270 the mean daily shade intensity of wheat both in 2011 and 2012 was highly positively 271 linearly correlated (P < 0.01) with protein content, wet gluten content, falling number, 272 development time, and stability time (Fig 7a, b, c, d & e ). The softening degree was 273 negatively linearly correlated (P < 0.01) with mean daily shade intensity (Fig 7f) . and K contents of wheat and mean daily shade intensity ( Fig 6) . The N, P, and K 348 concentrations of wheat stalks and grains in the walnut-based intercropping systems 349 were significantly higher than those in monoculture wheat (S3 Table) . Cui can have a substantial effect on grain yield and quality in agroforestry systems [32] . 366 We observed a highly significant (P < 0.01), positive linear correlation between the 367 wheat protein and wet gluten contents, falling number, and dough development and We are grateful for the support from the Extension Centre of Agricultural Technology 425 in Zepu County, Kashi Prefecture, Xinjiang. We also would like to thank the 426 anonymous reviewers and the editors for their helpful comments. Mono, monoculture wheat system; Jiw, jujube-wheat intercropping system; Aiw, apricot-wheat intercropping system; Wiw, walnut-wheat intercropping system. 
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